A novel linear gas jet has been developed and used to produce centimeter-scale, lo*' cmB3 electron density plasmas. Long regions of high density are important to many types of experiments, including x-ray laser and laser-plasma interaction studies. This new type of gas jet has been characterized by stimulated Raman backscatter emission from the plasma. 0 1995 American Institute of Physics.
I. INTRODUCTION
Pulsed gas jets are a common high-atom density production technique used in a wide variety of research areas, including high-order harmonic generation,' and molecular spectroscopy.2 Ionization of this type of target can produce high electron density plasmas which can be used for x-ray laser experiments3-and laser-plasma interaction studies. In experiments which occur over intervals short compared to hydrodynamic time scales, the resulting plasma density profile mirrors the neutral atom profile. Typically these jets produce either a spatially localized (sl mm; supersonic) transversely uniform cylindrical column of neutral atoms or a spatially extended (several mm; subsonic) burst with atom densities which may vary along any direction by several orders of magnitude. A new type of gas jet with a linear geometry has recently been constructed for use in experiments requiring a long region of uniform-density gas. Here we describe the use of this device for the production of uniform (in one dimension), cm-scalelength (1 mmX 1 cm), atmosphericdensity plasmas and their characterization by a highly density-sensitive scatter technique.
For many experiments, the density of gas exiting tht jet orifice is a critical parameter. The techniques typically used to characterize gas jets are electron beam scattering,4 nuclear scattering,5 laser beam deflection,6 and interferometry.7 These methods measure atom density exiting the jet. Laserbased techniques involving the ionization of the gas to measure the density include laser-induced fluorescence' and stimulated Raman scattering.g The characterization technique used in this work was stimulated Raman scattering (SRS). The advantage of this method is that it allows a continuous monitoring of the density exiting the gas jet while laserplasma interaction experiments are being performed. The principle disadvantage is that a high intensity laser must be available to drive the SRS process. SRS is a parametric instability resulting from the interaction of an intense laser pulse with a plasma. In SRS, a light wave (frequency o,, wave number k,J incident on a plasma decays into a scat- tered light wave (w, ,&) and an electron plasma wave (w, ,k,).l' The incident and scattered light waves interact, in the presence of the plasma, to reinforce the electron plasma wave, which in turn reinforces the scattered wave. The circular dependence of this process leads to instability and the scattered light is detectable when a sufficient number of e foldings of the instability occur. The frequency of the scattered light is downshifted by the electron plasma wave frequency, which for direct backscatter is given by Ao=0,=~~[1+12(~, w~/cw,)~]"~, where ZI, is the electrqn thermal velocity, ve=(kT,lm,)1/2, o. is the laser frequency, and wp is the 1'2 =(45rn,e2/m,) .
electron plasma frequency, wp The frequency of the scattered radiation, w, , provides a measurement of the electron density through the frequency matching condition, w,= oo-w, . In some cases, it is also possible to obtain estimates of the electron temperature, T, , through the weak dependence on T, of the frequency shift given above." The sensitivity of the technique is dictated by spectral constraints. At low densities, wP/wo= u,/c, the SRS instability is dominated by kinetic effects, giving rise to the so-called Compton regime." In this case, thermal effects dominate the spectral character of the SRS feature and density information is compromised. In our experiment, we believe that we can accurately measure densities as low as a few times 1Ol6 cme3. At high densities, the limitations are the detector used and that it is not possible to drive the SRS instability at densities above the quartercritical density, nI14=mw$16 re2, or 2.5X 102' cm-3 for our laser.
II. EXPERIMENTAL CONFIGURATION
The linear gas jet characterized in this experiment was originally designed and fabricated by the Plasma Research Corporation12 and has since been modified for use in laserplasma interaction experiments. The jet consists of a gas reservoir, a 1 mm by 1 cm slotted orifice, a magnetostrictive actuator, and a polyurethate coated sealing poppet. A pulse of current (1 ms, 200 A) applied to the magnetostrictive actuator causes the poppet to break the seal allowing a rectangular column of gas to escape through the slotted orifice into the experimental vacuum vessel. In these experiments, helium was used as the reservoir gas. Previous experiments using this laser13 demonstrated that the saturation intensity for production of He"' is 4X1015 W/cm2. Therefore, in these experiments, the electron density at any point within the laser focal volume (obtained through SRS) is simply twice the atom density. The laser used in these experiments14 is a Nd:glass system based on chirped pulse amplification.15 It produces 1.05 pm, 600 fs pulses with pulse energies as high as 6 J, for a peak power of 10 TW. The 8-cm-diam beam is focused into the vacuum chamber with a 69 Cm focal length aspheric lens for a peak intensity of 1.4X10" W/cm2 at full power. In these experiments, the laser was operated at a nominal intensity of lOI W/cm2 to minimize intensity-dependent spectral anomalies associated with overdriving the SRS instability.16
The experimental configuration used in the characterization of the jet is illustrated in Fig. 1 . The laser was focused parallel to the plane of the orifice but perpendicular to its long dimension. The gas jet was mounted on a motorized xyz stage for remote translation of the jet relative to the laser focus, allowing measurement of the density at various positions along the long (cm) axis of the jet. The light directly backscattered along the laser path was collected and directed to a 0.25 m spectrometer. A liquid-nitrogen cooled CCD camera was used to record the spectra. Although the CCD camera is a silicon detector with poor sensitivity for wavelengths above 1100 nm (wavelengths arising from SRS in our highest density plasmas), sufficient backscattered radiation was observed to verify the production of electron densities in excess of 10" cmm3.
II. EXPERIMENTAL RESULTS
?tvo experiments were performed to characterize the density of the linear gas jet. The first experiment consisted of scanning the laser focus along the length of the jet while maintaining the gas reservoir pressure and height of the laser focus above the orifice fixed. This was. performed using he- 25000 . I .,I I I. (I. ..,I I laser fiducial ,""I-. "',"" lium with a reservoir pressure of 800 psi. The linear gas jet was oriented transverse to the direction of laser propagation (see Fig. 1 ) with the laser focus 1 mm above the gas jet. A typical backscattered spectrum is illustrated in Fig. 2 . Several laser shots were taken at each position along the length of the jet. The resulting atom density measurements are shown in Fig. 3 . The error bars represent the square root of the width of the stimulated Raman scatter feature and indicate the range pf densities present in the plasma. The position (in cm) refers to where the laser was focused above the jet. The positions "0" and "1 cm" represent the edges of the orifice.
In the second experiment, the laser was focused at a fixed distance from the surface of the gas jet and the reservoir pressure was varied. The linear gas jet was oriented for a longitudinal focus (see Fig. l) , the typical experimental configuration. Reservoir pressures ranging from 200 to 1000 psi were investigated with the laser focused 0.5 and 1 mm above the orifice. Figure 4 illustrates the variation of atom density with the reservoir pressure at the two focal positions. The error bars represent the square root of the width of the spectral feature and show the range of densities present.
III. DISCUSSION
It is apparent from the data that the atom densities fluctuate from shot to shot; it is unclear whether this is irreproducibility in the gas jet, or a result of timing jitter between the laser and the actuation time of the jet. The gas jet trigger has about 500 ,& of jitter with respect to the arrival time of the laser pulse. This jitter is probably significant since it is a large fraction of the "open" time of the jet, 1 ms.
The stimulated Raman backscatter signals observed are spectrally broad. About 25% of this width can be attributed to intensity broadening of the SRS.15 Therefore, the broad spectra indicate that a range of densities are present in the plasma. The helium used for the experiments is fully ionized throughout the plasma, so the range of densities likely results from nonuniformities in the burst of gas exiting the jet. It is difficult in some cases to choose a distinct peak from which to infer the electron density. Typically, the peak of the stimulated Raman backscatter spectrum (or the centroid for cases with no distinct peak) indicates an atom density of high -lOI cmp3. The atom density inferred from the center (or peak) feature is uniform across the length of the jet (within rt25%), with the exception of the outermost edges, where it falls off by 75% to density values in the low -1017 cme3. A force transducer used to measure the force of the gas exiting the orifice suggests a similar gas density profile. The shortest wavelength portion of the signal indicate; atom densities of at least 3 X 1016 cme3 , The atom density vilues inferred from the longest wavelength portion of the spectrum are in all cases no less than 1 X lOI cmB3. The highest electron density values obtained are approximately 2X1019 cmm3.
Reservoir pressure and the distance from the jet surface are important parameters, as seen in Fig. 4 . As the reservoir pressure was increased, the atom density exiting from the gas jet increased linearly, reaching a peak at 800 psi. The atom density dropped off slightly at 1000 psi, from the peak of 1.4X 10" cmp3 at 800 psi to 1.1X1O1g cmd3 at 1000 psi. This most likely results from too much force on the sealing mechanism of the jet, preventing it from opening fully.
The infeged atom density exitin the jet was highest when the laser was focused 0.5 mm from the surface. At a distance of 1 mm, the peak atom density (at 800 psi) was 5X10'* cmp3, whereas at a distance of 0.5 mm, the peak atom density (at 800 psi) was 1. 4X101' cmB3 .
The maximum electron density o&ainable with the linear gas jet will depend on the gas used to fill the reservoir. These experiments were performed using helium, which limits the peak electron density to two times the atom density (i.e., ne=lXlO*' cmm3 at a distance of 1 mm, at 800 psi). Use of a higher-Z gas (e.g., nitrogen, argon) could increase the electron density by a facior of 2 or 3 (by removing more electrons), resulting in electron densities as high as 5X101' cmV3. Use of a higher energy laser, or one capable of higher intensities, will also result in higher electron densities since these systems can remove more electrons from each high-Z atom. For example, with argon as the reservoir gas a peak laser intensity of 5X 1016 W/cm2 will ionize some of the atoms to Ar8+, creating a region with an electron density of 4X10" cmm3 . The density throughout the plasma would vary considerably, however, depending on the charge states accessed in each region. One poteritial problem with gases other than helium, however, is the potential for forming clusters in the gas jet.17 This could change the overall performance of any linear gas jet.
In conclusion, we have produced and characterized cmscalelength plasmas created by laser ionization of a linear gas jet. Plasmas with electron densities as high as 2X101' cmm3 have been obtained, and the average density along the length of the jet was uniform. 
